is rather low, so corals expend energy to raise the pH of seawater sequestered in an isolated, extracellular compartment where crystal growth occurs. This action converts plentiful bicarbonate ions to the carbonate ions required for calcification, allowing corals to produce CaCO 3 about 100 times faster than it could otherwise form. It is this rapid and efficient production of CaCO 3 crystals that enables corals to build coral reefs.
Ocean acidification reduces the pH and thus the abundance of carbonate ions in seawater. Corals living in acidified seawater continue to produce CaCO 3 and expend as much energy as their counterparts in normal seawater to raise the pH of the calcifying fluid. However, in acidified seawater, corals are unable to elevate the concentration of carbonate ions to the level required for normal skeletal growth. In several experiments, we found that boosting the energetic status of corals by enhanced heterotrophic feeding or moderate increases in inorganic nutrients helped to offset the negative impact of ocean acidification. However, this built-in defense is unlikely to benefit corals as levels of CO 2 in the atmosphere continue to rise. Most climate models predict that the availability of inorganic nutrients and plankton in the surface waters where corals live will decrease as a consequence of global warming. Thus, corals and coral reefs may be significantly more vulnerable to ocean acidification than previously thought. Lippmann, 1973) , the low concentration and activity of the carbonate ions (e.g., Garrels and Thompson, 1962; Lippmann, 1973) , and the presence of high concentrations of sulfate and magnesium (e.g., Usdowski, 1968; Kastner, 1984 . In stony corals, skeletal formation is entirely external to the organism (Cohen et al., 2001 Braun and Erez, 2004; Gaetani and Cohen, 2006; Holcomb et al., 2009) , and it is transported to the site of calcification located between the base of the calicoblastic epithelium and the existing skeletal surface (Braun and Erez, 2004) . The route by which seawater enters this space remains unclear, although calcein dye tracer studies rule out cross-membrane transport (Braun and Erez, 2004 The coral animal (polyp) manipulates the chemistry of seawater sequestered in an isolated calcifying compartment to produce many millions of tiny calcium carbonate (aragonite) crystals that are assembled into a skeleton. in (a), each polyp (p) in the colony builds its own skeleton, the corallite (cl). The polyp sits atop of, and completely covers, the skeletal surface. The arrow points to the interface between the basal epithelial cells and the skeletal surface, where calcification occurs. in (B), the skeleton is composed of radiating arrays of needle-shaped crystals (f) that grow on aggregates of fine granular crystals (g). in (c), the granular crystals are accreted at night and in (d), the needle-shaped crystals are accreted mainly in the day. Scale bars: (a) 500 µm, (B) 10 µm, (c) and Veron (1993) aragonite crystals, at least not at the rate that corals need to build their skeletons. Figure 1A are built of bundles of fine, needle-shaped crystals that are several microns in length (f in Figure 1B and Figure 1D ) and that radiate from discrete aggregations of tiny granular crystals, each several nanometers in diameter (g in Figure 1B , and Figure 1C ).
In many corals, there is a distinct diurnal cycle to the formation of these crystals:
the granular crystals form at night, whereas the needle-shaped crystals form during the day (Holcomb, 2009 ).
Each aggregate of granular crystals and its associated bundle of needles is called a sclerodermite (Wells, 1956 ).
Sclerodermites are the basic building blocks or "bricks" of the coral skeleton. Based on this similarity, it is feasible that one mechanism corals may employ to achieve aragonite nucleation and growth is by elevating the saturation state of seawater trapped in an isolated or semiisolated calcifying compartment (Cohen and McConnaughey, 2003) .
Abiogenic aragonites grown experimentally from seawater over a range of aragonite saturation states show systemmatic and progressive changes in crystal morphology caused by changes in crystal growth rate (Figure 3 ). Crystals grown experimentally at relatively low aragonite saturation states (Ω ar ~ 6) are short, wide, and highly faceted, consistent with low crystal growth rates (e.g., Lofgren, 1974 Lofgren, , 1981 ; Figure 3C ). When the saturation state of the experimental seawater is increased during growth, the crystals produced are longer and thinner, more bladelike in appearance, and less faceted, consistent with a progressive increase in crystal growth rate ( Figure 3A ,B).
This change in crystal morphology with increasing seawater saturation state can be quantified using the crystal aspect ratio or the ratio of its length to its width. In Figure 3D , the aspect ratio of aragonite crystals grown under experi- This relationship between crystal aspect ratio and aragonite saturation state can be applied to coral skeletons to Figure 2 . aragonite crystals produced by corals (B) and aragonite crystals produced experimentally from a highly supersaturated seawater solution (a) share many similarities that allow us to conclude that corals expend energy to elevate the saturation state of seawater in order to calcify. in both (a) and (B), bundles of aragonite fibers radiate out from a central region occupied by aggregates of submicronsized granular crystals. Scale bars are 1 µm in both.
Images from Cohen and McConnaughey (2003) and Holcomb et al. (2009) In this treatment, crystal growth is so slow that crystal morphology assumes an orthorhombic shape characteristic of aragonite grown slowly at near equilibrium conditions ( Figure 5D ). From Cohen et al., 2009 In Figure 5E , we plot the aspect ratio of crystals accreted by corals reared in seawater with Ω ar ranging from ambient Figure 4 ) reared in seawater with a range of aragonite saturation states, display systematic and progressive changes in crystal morphology (a-d). in (e), these changes can be quantified using the crystal aspect ratio (the ratio of crystal length to width) and used to estimate changes in the saturation state of the coral's internal calcifying fluid in response to ocean acidification. Scale bars are 1 µm. From Cohen et al., 2009 . calcification achieved by removing protons from the internal calcifying fluid is energetically expensive. The energy expended in calcification is represented here by the number of protons pumped from each milliliter of calcifying fluid. corals reared in seawater with a range of aragonite saturation states (depicted by different colors) remove the same number of protons from that seawater (4500 nmol ml -1 ) but achieve different calcifying saturation states (shown by grey bar). This suggests that corals reared in acidified seawater did not divert more energy to proton removal even at the expense of building a normal skeleton. in this cO 2 Sys calculation, the initial calcifying fluid is seawater with an initial alkalinity of 2470 µmol kg -1 in equilibrium with the specified pcO 2 (400, 740, or 1340 µatm). The fluid is isolated from the surrounding seawater; proton pumping elevates the alkalinity and saturation state within the calcifying space while cO 2 diffuses through the calicoblastic epithelium to maintain equilibrium pcO 2 . calculations were made with a Matlab implementation of cO 2 Sys using constants of Mehrbach et al. (1973) refit by dickson and Millero (1987) for carbonate, and dickson (1990) for sulfate; input conditions are as follows: S = 30, t = 25, atmospheric pressure = 1atm. concentrations of silicate, phosphate, ammonia and hS were set at 0. ca and B concentrations were calculated from salinity. A recent study showed that spawning female corals are significantly more susceptible to the negative effects of ocean acidification than spawning male corals (Holcomb et al., 2010 When corals are reared under elevated cO 2 (acidified conditions) with slightly elevated inorganic nutrients and/or food (solid bars), calcification can be maintained at 75-100% of ambient (normal) rates, probably because corals have more energy to divert to proton removal. By comparison, corals reared under elevated cO 2 without additional nutrient and/or food usually exhibit significantly reduced calcification rates (graded bars). data are from holcomb et al. 
